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Abstract
Although a burst of immunoresponsiveness may occur during the early stage of sepsis, late sepsis is characterized by severe
immunodepression. In addition, although studies have shown that stimulation of macrophage L-adrenoceptors results in an
increase in cAMP and an associated reduction in macrophage phagocytic activity, it remains unknown whether Kupffer cell
L-adrenoceptor characteristics and cAMP levels are altered during polymicrobial sepsis. To study this, Sprague-Dawley rats
were subjected to sepsis by cecal ligation and puncture (CLP). At 5 h (i.e., the early stage of sepsis) or 20 h (late sepsis) after
CLP or sham operation, the liver was perfused with collagenase solution and Kupffer cells were isolated. L-Adrenoceptor
characteristics of the isolated Kupffer cells were determined using [125I]iodopindolol, and basal levels of cAMP were
measured by radioimmunoassay. The results indicate that while maximum binding capacity (Bmax) of Kupffer cell
L-adrenoceptors was not altered at 5 h, it increased significantly at 20 h after CLP. Similarly, basal levels of cAMP in Kupffer
cells did not change at 5 h but increased markedly at 20 h after the onset of sepsis. In contrast, the dissociation constant
(Kd, 1/affinity) of Kupffer cell L-adrenoceptors was not significantly affected by sepsis at both 5 h and 20 h after CLP. Thus,
upregulation of L-adrenoceptors and increase in cAMP levels in Kupffer cells occur during the late stage of polymicrobial
sepsis, and this may contribute to the depression of macrophage phagocytic function under such conditions. 0167-4889 /
98 / $ ^ see front matter ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Polymicrobial sepsis is characterized by a hyper-
metabolic and hyperdynamic circulatory state in the
early stage followed by a hypometabolic and hypo-
dynamic circulatory state in the late stage [1^3].
Although Kup¡er cells play an important role in
maintaining host defense mechanisms, the overpro-
duction of various proin£ammatory mediators such
as proin£ammatory cytokines by the same cell pop-
ulation may be responsible for cell and organ dys-
functions following various circulatory conditions
[4^7]. This is evidenced by the observation that
Kup¡er cell blockade prior to the onset of intra-
abdominal sepsis increases the mortality rate of ex-
perimental animals [8]. Despite the fact that hepato-
cellular and vascular endothelial cell dysfunctions
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occur during the early stage of sepsis [1,9], studies
have indicated that early sepsis is associated with
a normal or an enhanced non-speci¢c immuno-
responsiveness such as reticuloendothelial system
function [10,11]. In line with this, Zhang et al. re-
ported that while the phagocytic activity of circulat-
ing neutrophils was similar to shams, such an activ-
ity of isolated hepatic neutrophils and Kup¡er
cells was enhanced at 7 h after cecal ligation and
puncture (CLP, i.e., the early stage of sepsis) [12].
During the late stage of sepsis, however, reticuloen-
dothelial system function was signi¢cantly depressed
[10,11] and the phagocytic activity of circulating
neutrophils was also reduced [12]. Moreover, other
immune functions such as macrophage cytokine pro-
duction capacities were also signi¢cantly depressed
during the late stage of sepsis [13]. Thus, late sepsis
appears to be characterized by immunosuppression
with a near total shutdown of immunoresponsive-
ness.
Macrophages, including Kup¡er cells, play a key
role in the host immune response following various
adverse circulatory conditions [14,15]. The functions
of macrophages include antigen processing and
presentation, cytokine release, tumor cytotoxicity,
complement receptor function, and phagocytosis of
microorganisms [16,17]. There is evidence that vital
macrophage functions such as Fc receptor expres-
sion, phagocytosis, and MHC class II expression
are depressed during sepsis and are associated with
the decreased survival rate under such conditions
[13]. Although it is known that PGE2 induces its
immunosuppressive e¡ects on macrophages by the
elevation of intracellular cAMP [18], studies have
also shown that stimulation of macrophage L-adre-
noceptors also results in an increase in cAMP and
an associated depression in macrophage functions
[19]. We hypothesized that upregulation of L-adre-
noceptors and intracellular cAMP levels in
Kup¡er cells is in part responsible for the depressed
immune function observed during the late stage of
sepsis. The objective of this study, therefore, was
to determine whether alterations in Kup¡er cell
L-adrenoceptor binding characteristics and cAMP
levels occur during the early and/or late stages of
sepsis.
2. Materials and methods
2.1. Model of cecal ligation and puncture
Polymicrobial sepsis was induced in male adult
Sprague-Dawley rats (275^325 g body wt.) by CLP,
as described previously by Chaudry et al. [20].
Brie£y, the animals were fasted overnight before
the induction of sepsis but were allowed water ad
libitum. The rats were then anesthetized with me-
thoxy£urane, and a 2 cm midline incision was
made. The cecum was isolated and ligated just dis-
tally to the ileocecal valve so as to avoid intestinal
obstruction. The cecum was then punctured twice
using an 18-gauge needle. The punctured cecum
was squeezed, allowing spillage of a small amount
of fecal material into the peritoneal cavity in order
to con¢rm patency of the holes. The cecum was then
returned to the abdominal cavity and the midline
incision closed in two layers. Sham-operated animals
were subjected to laparotomy and intestinal manip-
ulation; however, the cecum was neither ligated nor
punctured. Both CLP and sham-operated animals
were resuscitated subcutaneously with normal saline
(3 ml/l00 g body wt.) immediately following surgery.
The CLP and sham-operated animals (n = 5^6 per
group) were studied at 5 h (representing the early
stage of polymicrobial sepsis [1]) as well as 20 h after
CLP (i.e., the late stage of sepsis) or corresponding
shams. Although there was no lethality at 5 or 20 h
after CLP, our previous studies have shown that the
mortality rate associated with the sepsis model of
CLP, the same model used in this study, was less
than 10% at 24 h and 94% at 48 h after CLP [21].
The experiments described here were performed in
adherence to the National Institutes of Health guide-
lines for the use of experimental animals. This proj-
ect was approved by the Institutional Animal Care
and Use Committee of Rhode Island Hospital.
2.2. Kup¡er cell isolation procedure
Kup¡er cells were isolated from the animals ac-
cording to the method of Keogh et al. [22] with
some modi¢cation. At 5 or 20 h after CLP or
sham operation, the midline incision was reopened.
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The portal vein was isolated and cannulated. The
inferior vena cava was then severed. The liver was
immediately perfused in situ with 200 ml heparinized
Hanks’ balanced salt solution (HBSS) (Ca2/Mg2
free, 37‡C) at a rate of 28 ml/min. Following this,
200 ml HBSS containing 0.05% collagenase (Wor-
thington type IV, 162 U/mg, low in tryptic activity
to limit damage to membrane proteins and receptors)
(Ca2/Mg2 free, 37‡C) was also perfused. The liver
was then removed en bloc, rinsed with 25 ml HBSS
(Ca2/Mg2 free), minced in a Petri dish containing
collagenase-HBSS, and incubated for 20 min at 37‡C
to further dissociate the cells. The resulting cell sus-
pension was passed through a sterile 150 mesh stain-
less steel screen (opening size 94 Wm) into cold HBSS
containing 10% heat-inactivated fetal bovine serum,
and centrifuged (50Ug, 2 min, 4‡C) 3 times to sedi-
ment hepatocytes. The remaining cells in the super-
natant were collected by centrifugation at 300Ug for
15 min at 4‡C. The supernatant was removed, and
the cell pellets were then resuspended in Dulbecco’s
modi¢ed Eagle’s medium (DMEM) and mixed with
an equal volume of 36% metrizamide. An additional
3 ml of DMEM were placed over the cell metriza-
mide mixture. The Kup¡er cell layer was found at
the interface of the metrizamide and the medium
after centrifugation at 1400Ug for 30 min at 4‡C.
The Kup¡er cells were washed twice with ice-cold
phosphate-bu¡ered saline and then diluted with this
bu¡er and aliquoted to 107 cells/ml. The aliquots
were immediately used for L-adrenoceptor binding
assay or stored at 370‡C until the cAMP assay
was performed. The Kup¡er cell isolation procedure
required approx. 4 h. This method produced approx.
5U107 non-parenchymal cells per animal. More than
90% of the cells ingested India ink. Additionally,
more than 80% of non-parenchymal liver cells were
positive with peroxidase staining. Cell viability was
greater than 90% as determined by trypan blue ex-
clusion.
2.3. L-Adrenoceptor determination
Immediately following the isolation of Kup¡er
cells, L-adrenoceptor binding characteristics were de-
termined using [125I]iodopindolol (Du Pont/NEN,
speci¢c activity 2200 Ci/Wmol; radiochemical purity,
s 98%), a radioactive L-adrenergic antagonist, ac-
cording to the method of Abrass et al. [23] with
some modi¢cation [24]. Brie£y, Kup¡er cells
(5U105) and [125I]iodopindolol (¢nal concentration,
0.0625^2.5 nM) were incubated with and without
10 WM of (3)-alprenolol for 20 min at 37‡C in a
total volume of 200 Wl of assay bu¡er (50 mM tris
(hydroxymethyl)aminomethane (Tris)-HCI, 12.5 mM
MgCl2, pH 7.4). Depending on the concentration of
[125I]iodopindolol, non-speci¢c binding, as deter-
mined in the presence of 10 WM alprenolol, was
22^67% of total binding capacity. At the end of
each incubation, the reaction mixture was diluted
with 4 ml of ice-cold assay bu¡er, ¢ltered immedi-
ately through a Whatman GF/B glass micro¢ber ¢l-
ter paper (presoaked with assay bu¡er), and washed
twice with a total of 9 ml of ice-cold assay bu¡er.
The ¢ltration and washing were completed within 30
s. The radioactivity on the ¢lter paper was then
counted in a gamma counter. The maximum binding
capacity (Bmax, i.e., the maximal receptor number
and dissociation constant (Kd, 1/a⁄nity) were deter-
mined by Scatchard analysis [25].
2.4. Kup¡er cell cAMP assay
In order to determine cellular cAMP levels, 0.5 ml
aliquots (i.e., 5U106 cells) of the isolated Kup¡er
cells were mixed with an equal volume of ice-cold
10% trichloroacetic acid (TCA) and the suspensions
disrupted by sonication on ice. The disrupted cell
suspensions were then incubated on ice for 1 h and
the TCA-insoluble materials removed by centrifuga-
tion (2500Ug, 15 min, 4‡C). The collected superna-
tant was extracted 4 times with 5 vols. of water-sat-
urated ether, following which the samples were
placed in a concentrator and spun overnight.
cAMP levels were determined radioimmunologically
according to the manufacturer’s instructions (cAMP-
[125I] radioimmunoassay kit, Du Pont/NEN, Boston,
MA; acetylated procedure). The recovery of cAMP
was 86^96%.
2.5. Statistical analysis
Unpaired Student’s t-test and linear regression
were employed and di¡erences were considered sig-
ni¢cant at P9 0.05. Results are presented as means
þ S.E.M.
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3. Results
3.1. Kup¡er cell L-adrenoceptor binding
characteristics
Between 1.0 and 1.5 nM, [125I]iodopindolol bind-
ing to Kup¡er cell L-adrenoceptors was saturable in
all the groups of experimental animals. Those results
are in line with our previous observation [24]. Scatch-
ard analysis of [125I]iodopindolol binding to Kup¡er
cells yielded straight lines consistent with a single
class of antagonist binding capacity at 5 h after the
onset of sepsis or sham operation (Fig. 1). As shown
in Fig. 2A, the Bmax values were 5.1 þ 1.5 and
4.9 þ 1.2 fmol/106 cells in sham-operated and septic
animals at 5 h after surgery, respectively. Thus, the
maximum number of L-adrenoceptor binding sites
was not a¡ected during the early stage of sepsis.
Similarly, the Kd values of Kup¡er cell L-adrenocep-
tors were also not altered at 5 h after CLP (Fig. 2B).
The data in Fig. 3 show straight lines of
[125I]iodopindolol binding to Kup¡er cell L-adreno-
ceptors at 20 h after CLP or sham operation, indi-
cating a single class of antagonist binding capacity.
The Bmax value was 4.8 þ 1.4 fmol/106 cells at 20 h
after sham operation (Fig. 4A). It increased by 104%
(P6 0.05) at 20 h after the onset of sepsis (Fig. 4A).
Similar to septic animals at 5 h after CLP, the Kd
value of Kup¡er cell L-adrenoceptors was not signi¢-
cantly a¡ected at 20 h after CLP (Fig. 4B).
Fig. 3. Scatchard plot of [125I]iodopindolol binding in rat
Kup¡er cells obtained from animals subjected to sham opera-
tion (Sham) or cecal ligation and puncture (CLP) at 20 h after
surgery. Data are presented as means þ S.E.M. There were ¢ve
to six animals in each group.
Fig. 2. Changes in the maximum binding capacity (Bmax ; A)
and the dissociation constant (Kd, i.e., 1/a⁄nity; B) of Kup¡er
cell L-adrenoceptors in animals subjected to sham operation
(Sham) or cecal ligation and puncture (CLP) at 5 h after sur-
gery. There were ¢ve to six animals in each group. Data are
presented as means þ S.E.M. Comparison by unpaired Student’s
t-test indicated there was no signi¢cant di¡erence between sham
and CLP animals.
Fig. 1. Scatchard plot of [125I]iodopindolol binding in rat
Kup¡er cells obtained from animals subjected to sham opera-
tion (Sham) or cecal ligation and puncture (CLP) at 5 h after
surgery. Data are presented as means þ S.E.M. There were ¢ve
to six animals in each group.
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3.2. Kup¡er cell cAMP levels
The results in Fig. 5A indicate that Kup¡er cell
cAMP levels were 7.49 þ 1.52 pmol/106 cells at 5 h
after sham operation. Sepsis did not signi¢cantly af-
fect cellular levels of cAMP at 5 h after CLP (Fig.
5A). In contrast, Kup¡er cell cAMP levels increased
by 80% (P6 0.05) at 20 h after CLP when compared
with Kup¡er cell cAMP levels from corresponding
sham-operated animals (Fig. 5B).
4. Discussion
Sepsis remains a leading cause of morbidity in the
intensive care unit, and is a decisive risk factor for
the development of multiple organ failure and sub-
sequent death [26^29]. A number of studies have
shown that late sepsis and septic shock are associated
with the suppression of speci¢c and non-speci¢c im-
mune function with a near shutdown of immunore-
sponsiveness [10,11,13,30]. Representative of the de-
crease in non-speci¢c immune function is the failure
to e¡ectively eradicate microorganisms during sepsis
[10,31,32]. Macrophages including Kup¡er cells play
an integral role in the host’s immune response. Chau-
dry et al. have demonstrated that the hepatic retic-
uloendothelial system is impaired during late sepsis
[10,11]. Macrophage cytokine release, phagocytosis
of microorganisms, and complement receptor func-
tion have also been shown to be depressed or im-
paired after an administration of endotoxin [32].
Studies have also shown that sustained elevations
of intracellular cAMP are associated with the depres-
sion of vital macrophage functions [19,23]. In vitro
studies have demonstrated that stimulation of mac-
rophage L-adrenoceptors results in an increase in in-
tracellular cAMP and a depression of several macro-
phage functions such as Ia expression and phagocy-
tosis of microorganisms [19]. However, it remains
unknown whether Kup¡er cell L-adrenoceptor char-
acteristics and the intracellular cAMP levels are
altered during the late stage of polymicrobial sepsis.
The present study indicated that while the maxi-
mum binding capacity of Kup¡er cell L-adrenocep-
tors was not altered at 5 h, it increased signi¢cantly
at 20 h after CLP. Similarly, Kup¡er cell cAMP
levels did not change at 5 h but increased markedly
Fig. 5. Changes in cAMP levels of Kup¡er cells in animals sub-
jected to sham operation (Sham) or cecal ligation and puncture
(CLP) at 5 h (A) or 20 h after surgery (B). There were ¢ve to
six animals in each group. Data are presented as means
þ S.E.M. and compared by unpaired Student’s t-test: *P6 0.05
as compared with sham-operated animals.
Fig. 4. Changes in the maximum binding capacity (Bmax ; A)
and the dissociation constant (Kd, i.e., 1/a⁄nity; B) of Kup¡er
cell L-adrenoceptors in animals subjected to sham operation
(Sham) or cecal ligation and puncture (CLP) at 20 h after sur-
gery. There were ¢ve to six animals in each group. Data are
presented as means þ S.E.M. and compared by unpaired Stu-
dent’s t-test : *P6 0.05 as compared with sham-operated ani-
mals.
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at 20 h after the onset of sepsis. In contrast, the
binding a⁄nity of Kup¡er cell L-adrenoceptors was
not signi¢cantly a¡ected by sepsis at both 5 h and 20
h after CLP. Thus, upregulation of L-adrenoceptors
and increase in cAMP levels in Kup¡er cells only
occurred during the late stage of polymicrobial sep-
sis. The present study is the ¢rst to show that there is
an upregulation of Kup¡er cell L-adrenoceptors dur-
ing late sepsis. The upregulation of Kup¡er cell
L-adrenoceptors may contribute to the increase in
intracellular cAMP and the immunosuppression
seen at 20 h after the onset of sepsis. Kup¡er cells
were chosen for this study because this cell popula-
tion comprises the major component of reticuloendo-
thelial system both in cell number and physiological
importance. Moreover, because of its anatomical lo-
cation, Kup¡er cells are ideally positioned to act as a
blood ¢lter.
It should be noted that the L-adrenergic agonist-
stimulated cAMP accumulation in the isolated
Kup¡er cells was not measured in the present study.
This was not carried out since we wanted to avoid
any potential e¡ects of cell culture process on intra-
cellular cAMP levels. It is possible that cell culture
alters L-adrenoceptors, their responsiveness to stim-
ulation as well as intracellular cAMP levels. Studies
have demonstrated that incubation of intact human
alveolar macrophages with the L-adrenergic agonist
isoproterenol caused 6-fold increase in intracellular
cAMP levels [33]. Similarly, isoproterenol induced a
2^3-fold elevation of intracellular levels of cAMP in
mouse macrophages [34]. Moreover, desensitization
with metaproterenol decreased macrophage L-adre-
noceptor binding capacity by 71% and macrophage
cAMP levels by 86% [35]. Thus, the literature indi-
cates that the alteration in L-adrenoceptors in macro-
phages is functionally coupled to the signal transduc-
tion mechanisms. Furthermore, to avoid any
potential e¡ects of the cell isolation process on intra-
cellular cAMP levels, a cAMP phosphodiesterase in-
hibitor, 3-isobutyl-1-methylxanthine (200 WM), was
used throughout the isolation of Kup¡er cells.
Loegering and Commins demonstrated that iso-
proterenol as well as norepinephrine and epinephrine
caused a signi¢cant depression in Kup¡er cell Fc
receptor function while L-adrenergic blockade using
popranolol prevented this depression [36]. Thus, in-
creased levels of plasma catecholamines can cause a
depression of key macrophage functions while
L-adrenoceptor blockade can prevent such e¡ects [36].
Our previous study demonstrated that plasma levels
of catecholamines increased signi¢cantly shortly after
the onset of sepsis and this increase was sustained
during the late stage of sepsis [37]. It has been postu-
lated that alterations in macrophage L-adrenoceptor
binding capacity may occur with changes in the state
of activation. This may in part play a role in pro-
ducing the immunosuppression that occurs during
late sepsis as well as under other pathophysiological
conditions characterized by elevated serum levels of
catecholamines. Sustained stimulation of adrenocep-
tors, however, has been associated with downregula-
tion of both K- and L-adrenoceptors. Tang and Liu
recently reported downregulation and internalization
of myocyte L-adrenoceptors in the rat heart during
the late stage of polymicrobial sepsis [38]. In addi-
tion, Eisinger et al. indicated that total L-receptors in
hearts taken from rats in the terminal stage of septic
shock were lower than control animals [39]. Our re-
sults appear to di¡er from those ¢ndings. Di¡erences
between cell populations and di¡erences in the de-
gree of stimulation of myocyte L-adrenoceptors and
Kup¡er cell L-adrenoceptors may partially be re-
sponsible for the discrepancy between our results
and those of Tang and Liu [38] and Eisinger et al.
[39]. The precise mechanism of Kup¡er cell L-adre-
noceptor upregulation during the late stage of sepsis
remains to be elucidated. Further studies are also
needed to determine the mechanism by which
Kup¡er cell L-adrenoceptors are upregulated in an
environment of elevated plasma catecholamines.
Our previous studies have shown an upregulation
of Kup¡er cell L-adrenoceptors and an increase in
cAMP levels after hemorrhage and resuscitation
[24]. Both hemorrhagic shock and late sepsis (or sep-
tic shock) are characterized by hypoperfusion and
decreased oxygen delivery to tissues [1,40]. Although
administration of ATP-MgCl2 to animals after hem-
orrhage and resuscitation resulted in the normaliza-
tion of Kup¡er cell L-adrenoceptors [24], it remains
unknown whether administration of ATP-MgCl2 in-
creases Kup¡er cell ATP levels following hemorrhag-
ic shock or during the late stage of sepsis. In addi-
tion, it is unclear whether changes in intracellular
ATP levels play any major role in regulating Kup¡er
cell L-adrenoceptors during the late stage of sepsis.
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Studies have shown that prostaglandin E2 (PGE2)
upregulates macrophage and Kup¡er cell cAMP lev-
els [19,41]. Moreover, TNF-induced elevation in
Kup¡er cell cAMP is associated with upregulated
levels of plasma PGE2 [41]. It appears that the in-
creased Kup¡er cell cAMP levels may be due to the
upregulated PGE2 production and/or release. How-
ever, this may not be the case during sepsis since our
previous studies have indicated that the plasma
PGE2 increased signi¢cantly at 5^10 h after CLP,
but not at 20 h after the onset of sepsis [42]. In
contrast, the increased cAMP during the late stage
of sepsis appears to be due to the upregulation in the
number of L-adrenoceptors (Fig. 4A) and/or an in-
crease in plasma catecholamine levels [37].
In summary, our results show that there is an up-
regulation of Kup¡er cell L-adrenoceptors during the
late stage of sepsis. This upregulation of L-adreno-
ceptors may result in the increase in cAMP and the
depression of several Kup¡er cell functions, contrib-
uting to the immunosuppression observed during the
late stage of sepsis.
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